The McGurk illusion is one of the most famous illustrations of cross-modal integration in human perception. It has been often used as a proxy of audiovisual (AV) integration and to infer the properties of the integration process in natural (congruent) AV conditions. Nonetheless, a blatant difference between McGurk stimuli and natural, congruent, AV speech is the conflict between the auditory and the visual information in the former. Here, we hypothesized that McGurk stimuli (and any AV incongruency) engage brain responses similar to those found in more general cases of perceptual conflict (e.g., Stroop), and propose that the McGurk illusion arises as a result of the resolution of such conflict. We used electroencephalography to measure variations in the power of theta, a well-known marker of the brain response to conflict. The results showed that perception of AV McGurk stimuli, just like AV incongruence in general, induces an increase in activity in the theta band. This response was similar to that evoked by Stroop stimuli, as measured in the same participants. This finding suggests that the McGurk illusion is mediated by generalpurpose conflict mechanisms, and calls for caution in generalizing findings obtained using the McGurk illusion, to the general case of multisensory integration.
Introduction
Forty years ago, in 1976, Harry McGurk and John McDonald discovered that by dubbing an auditory syllable (e.g., /ba/, hereafter the auditory component of a stimulus will be specified between slashes) with a different visual syllable (e.g., [ga] , hereafter the visual component of a stimulus will be specified between brackets), the resulting auditory percept could be dramatically altered into a completely different syllable (e.g., 'da'; see Massaro & Stork, 1998 ; for a description of how this discovery was made, and Yonovitz et al., 1977 ; for a similar, independently achieved contemporary finding). This effect pushed the boundaries of audiovisual (AV) speech perception and multisensory integration by demonstrating that the influence of visual information on auditory speech perception goes beyond being a complement to the acoustic signal when it is degraded (e.g., Sumby & Pollack, 1954; Ross et al., 2007; Jaekl et al., 2015) . Since then, the McGurk effect has been used in hundreds of studies to address the behavioral expression and physiological expression of multisensory integration in general and for AV speech integration in particular (Tiippana et al., 2004; Alsius et al., 2005 Alsius et al., , 2014 Skipper et al., 2007; van Wassenhove et al., 2007; Bernstein et al., 2008a; Andersen et al., 2009; Munhall et al., 2009; Nahorna et al., 2012 Nahorna et al., , 2015 Festa et al., 2017) .
However, one fundamental difference between the McGurk conditions, compared to AV Congruent speech, is the conflict between the auditory information and the visual information. That is, the shape and movements of the lips do not correspond to the sound, as they normally do in the observer's everyday life experience. Precisely, this formal correspondence between the auditory and visual information has been demonstrated to be critical in AV perception in many different contexts (Green et al., 1991; Calvert et al., 2000; Miller & D'Esposito, 2005; Stevenson et al., 2010; Biau et al., 2016) . This rather obvious fact implies that properties derived from the study of the McGurk effect may not be fully generalizable to how multisensory integration happens in natural circumstances and, when generalized, this must be done with caution Van Engen et al., 2017) . Surprisingly, this straightforward argument has been rarely considered in the literature. The reason for this gap probably lies in the popular assumption that the McGurk effects, like other cross-modal integration phenomena, are considered to be rather automatic and unavoidable (McGurk & MacDonald, 1976; Massaro, 1987; Dekle et al., 1992; Colin et al., 2002; Bernstein et al., 2004; Soto-Faraco et al., 2004; Kislyuk et al., 2008) . Hence, the inference is that during the experience of the illusion, the observer is rarely aware of the fact that there is a conflict at all. It is perhaps relevant to note that several studies in the last few years have questioned this strong version of automaticity in cross-modal integration (Alsius et al., 2005 Andersen et al., 2009; Nahorna et al., 2012) . In fact, a recent review paper by Alsius et al. (2017) on the McGurk effect highlights the problems associated with generalizing from the McGurk effect to the general case of AV speech integration.
The claim we put forward in this study is that while some integration of information (i.e., an interaction between auditory and visual information) undeniably takes place for AV Congruent as well as McGurk speech events, the processes whereby this integration occurs may differ in some significant ways. More specifically, AV integration in the case of the McGurk effect might rely strongly on the detection and resolution of the conflict between the auditory information and visual information, which sets in motion brain mechanisms devoted to conflict processing that are not triggered in the case of Congruent AV speech (or not to the same extent). The theoretical grounding for this hypothesis is that the conflict processing mechanisms are engaged due to the mismatch between the prediction based on visual speech information and the upcoming auditory input (van Wassenhove et al., 2005; Skipper et al., 2007; Arnal et al., 2011; Brunelli ere et al., 2013; Biau et al., 2015; Mor ıs Fern andez et al., 2015; S anchez-Garc ıa et al., 2017) . Following up on this hypothesis, we predicted that the McGurk effect will induce EEG correlates that are similar in spectral power and scalp distribution as those classically seen in response to other forms of conflict.
The behavioral expression and associated brain responses to conflict have been studied using different paradigms, such as the Stroop task (Stroop, 1935) , the Eriksen Flanker task (Eriksen & Eriksen, 1974) or the Simon task (Simon & Rudell, 1967) . Two reliable neural correlates of conflict in these classical tasks have been found: First, fMRI studies have revealed that conflict activates frontal areas, in particular the anterior cingulate cortex (ACC; Nee et al., 2007) ; and second, conflict induces an increase in EEG theta power (5-7 Hz) over the mid-frontal and mid-central electrodes in the conflicting condition when compared with the non-conflicting condition (Hanslmayr et al., 2008; Cavanagh & Frank, 2014; Cohen, 2014; Ergen et al., 2014) . The source of conflict-related activity in the theta band has been in the ACC, suggesting that the two neurophysiological responses are in fact related (Cohen & Ridderinkhof, 2013; Cohen, 2015) . Activity increase in the ACC has also been observed in response to AV conflict (i.e., Incongruent AV stimulation) (Weissman et al., 2004; Noppeney et al., 2008; Orr & Weissman, 2009; Zimmer et al., 2010) , including cases of AV speech when comparing AV Congruent with AV Incongruent speech stimuli (Miller & D'Esposito, 2005; Ojanen et al., 2005; Pekkola et al., 2006; Szycik et al., 2009; Mor ıs Fern andez et al., 2015) . Importantly for the hypothesis under test here, ACC responses have been observed in many studies involving the McGurk effect (Bernstein et al., 2008b; Benoit et al., 2010; Matchin et al., 2014) , albeit up to the best of our knowledge, the role of this brain area has never been interpreted in the McGurk context until very recently, in a study by Mor ıs Fern andez et al. (2017) . In this study, Mor ıs Fern andez et al.
(2017) compared BOLD responses when participants were presented with Congruent AV speech with responses to conflicting AV speech, including conflict events that were conducive of the McGurk illusion and conflict events that were not. Their results indicated increased ACC responses for all kinds of conflicting AV speech events, those that were conducive of the McGurk illusion and those that were not. Yet, this increased ACC responsiveness was highest for McGurk events when they effectively induced the illusion, compared to identical McGurk events when they were not perceived illusorily.
In one recent study, Roa Romero et al. (2015) have made the point that perception of McGurk stimuli is related to conflict processing. In their study, they reported that McGurk stimuli produced a reduction in the auditory-evoked N1 ERP component, and early (0-500) and late (500-800) post-stimulus suppression in EEG beta power (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . Based on these findings, they proposed a threestage process relating the N1 reduction to the visual influence over auditory processing, and subsequent conflict detection and conflict resolution stages reflected by the two phases of beta suppression. According to the authors, the late beta suppression reflected the resolution of the AV conflict and the formation of the McGurk illusion (see Jiang & Bernstein, 2011; Magnotti & Beauchamp, 2017 for behavioral approaches to the AV conflict).
In this study, we set out to test whether McGurk stimuli were processed as a conflict. We capitalized on a well-known oscillatory marker of conflict in the EEG that has been originally derived from conflict research, with tasks unrelated to AV integration or the McGurk effect. In particular, these conflict studies have documented a reliable increase in theta power (5-7 Hz) over the mid-frontal and mid-central electrodes as a probe for the involvement of conflict brain mechanisms (Hanslmayr et al., 2008; Cavanagh & Frank, 2014; Cohen, 2014; Ergen et al., 2014) . We used a paradigm in which participants were presented with three different kinds of AV speech stimuli: Congruent, Incongruent and McGurk stimuli. It is worth noting that participants were instructed to respond based on their auditory perception; therefore, this particular study measures the McGurk effect when attention is directed toward the auditory modality. Although this is common practice, there is some variability in the tasks used in the literature (see Alsius et al., 2017 , for differences in measuring the McGurk effect depending on participant's task, e.g., 'What have you heard?' vs. 'What has the talker said?'). In order to reinforce our point (i.e., the conflict mechanisms engaged during Incongruent AV speech perception are similar to those in classical conflict tasks), the EEG responses in a classical Stroop task were also measured in same group of participants, in comparison with the possible effects found during the McGurk effect. During the rest of the paper, we will refer to the first task as Speech task and the second as Stroop task.
If the McGurk effect is processed as conflict, then we should see an increase in non-phase-locked theta power in central electrodes when compared with Congruent AV speech. Even more, we do not expect to find this theta power increase to be limited to McGurk stimuli alone, but also appear in other types of AV speech mismatch that does not induce any illusory percept, as well as in a typical, non-speech, conflict setting such as the Stroop task. As an extension to this prediction, we expect that the topographic distribution and spectral peak (within the frequency range of interest) elicited by McGurk conflict will be comparable to those produced by Stroop conflict, even if these two tasks are completely unrelated in terms of stimulus timing, cognitive demands or sensory modalities involved. Indeed, given the very different time course of information integration, the rise of conflict and its resolution between McGurk and Stroop, we do not make claims about their possible overlap (or lack thereof) in terms of the latency of the brain responses to conflict. Yet, in the particular case of the McGurk stimuli, we expect the correlates of conflict to appear closely after the onset of the auditory stimulus, as this is the putative moment of the conflict between the visual prediction and the auditory part of the stimuli.
Materials and methods

Stimuli
The McGurk videos used in this study were borrowed from Mallick et al. (2015) , labeled as 2.5 in that study; we refer the readers to that reference for particular details on how they were recorded. We selected this particular set of stimuli from the eight available from Mallick's study after running an informal pilot. This set was the one that showed the most unambiguous auditory stimulation and seemed to induce the McGurk effect more often. Three different videos were used to build our materials, two audiovisually Congruent ([ba] +/ba/ and [ga] +/ga/) and one with the McGurk combination ([ga] +/ba/). Please note that here, and henceforth, [] denotes the visual syllable, and//the acoustic one. The videos, originally 2-seconds long, were extended to 5-seconds duration. First, we found the frame preceding the first lip movement and the frame following the last lip movement after the speaker closed the mouth. Then we used these frames to fill in toward the beginning and the end of the video respectively, so that the auditory onset occurred always~2.5 s after the beginning of the video for all videos. This editing process was used to build our congruent and McGurk conditions. To create the Incongruent condition, we just reversed the video of the Congruent video clips. We also created Auditory Only (AO) stimuli by substituting the video with a static white fixation cross on black background.
Participants
The data of this study are based on responses from 17 participants (nine females; mean age 23 AE 5 years), pre-selected from a larger inclusion behavioral study (n = 64), so that we used participants who perceived the McGurk illusion with this particular set of stimuli (more than 25% of illusory trials). Please note that the prevalence of the illusion is similar to that found in the original study with the same set of stimuli (see Mallick et al., 2015, fig. 2 panel b) . The reason for such selection criterion is to maximize the effectiveness of the EEG experiment by avoiding running the EEG experiment on a larger sample and then discarding participants that would not perceive this illusion for this particular set of stimuli. From the initial set of 24 participants that consistently perceived the McGurk illusion and were included in the EEG experiment, seven were discarded (five of them did not show the McGurk illusion during the EEG experiment, the illusion was perceived in less than 25% of the trials; two were discarded due to excessive muscular or ocular artifacts). One participant was excluded from the Stroop analysis as his accuracy was very low during the Incongruent condition in the Stroop task (less than 1%). All participant selection was carried out based on criteria independent of the main analysis and was performed before this analysis took place. The study was undertaken with the understanding and written consent of each subject, and it conforms to the World Medical Association Declaration of Helsinki. Ethics for this study were approved by the CIEC Parc de Salut Mar ethical committee (2010/3946/I).
Procedure
The experimental procedure was programmed in E prime 2.0.10.242. EEG data were preprocessed and analyzed using Fieldtrip (Oostenveld et al., 2011) .
Speech task
In a given trial, participants were sequentially presented with a fixation cross (1 s), an AV stimulus (5 s) and a prompt screen until response; participants were instructed to try to blink while the prompt screen was present and respond when they were ready for the next trial. The task was a three alternative forced choice (3AFC) task consisting of choosing (identify) which syllable they have heard, out of the options BA, DA or GA. (It was stressed that their response should be based on their auditory perception.) These three response options appeared in three different screen positions (left, center and right), and one finger was used to respond to each position (index, middle and ring finger) (see Fig. 1 ). To prevent motor anticipation that could contaminate the EEG signal, the position of the response options was randomized each trial. The participants performed five blocks of trials, each block containing 20 Congruent, 20 Incongruent and 40 McGurk trials presented in a randomized order. Afterward, participants performed the AO block with 30/ba/trials and 30/ga/trials with the same protocol to assess that AO stimuli could be identified properly in the absence of visual information and therefore control that the McGurk effect was effectively produced by the influence of visual speech information on auditory processing, rather than mere perceptual confusion due to ambiguous auditory stimuli. Participants performed the same task in the inclusion study and the EEG session, albeit a single block was run during inclusion study.
Stroop task
We used the three Spanish words ROJO (red), AZUL (blue) and VERDE (green). We did not try to equate low-level stimulus features with the McGurk stimuli simply because the two tasks are very different (e.g., temporal course of information presentation) and have fairly distinct cognitive requirements. Instead, we used a prototypical Stroop paradigm (Hanslmayr et al., 2008) . In the Congruent condition, participants were presented with a color word (ROJO, AZUL, VERDE) printed in the corresponding ink color, while in the Incongruent condition, they were presented with a color word printed in one of the two other colors (balanced and equally likely across the Incongruent stimuli). A given trial sequence started with a fixation cross (1 s), the written word stimulus centered on a black background screen (1 s) and a black screen (1 s) (see Fig. 1 ). Participants were asked to make a speeded response to the color of the ink while the word was in the screen and as soon as possible while trying to keep their accuracy as high as possible. Before starting the main task, they performed a training run to learn the association between three keys and the three colors as in this case the mapping between the color and the button was constant (counterbalanced across participants). Participants were presented with 100 Congruent trials and 100 Incongruent trials divided into two blocks.
EEG recording and processing
Electrophysiological data were recorded at a rate of 500 Hz from 59 active electrodes (impedance was kept below 10 kΩ) placed according to the 10-20 convention (ActiCap, Brain Vision Recorder, Brain Products). Four extra electrodes were located on the left/right mastoids, and below and to the outer canthus of the right eye. An additional electrode placed at the participant's tip of the nose was used as reference during recording. A ground electrode was located at the AFz location.
Data were re-referenced offline to the average of the mastoids. Three different filters were applied: a notch filter to remove power line noise (discrete Fourier transform filter at 50, 100 and 150 Hz), a 0.5-Hz high-pass second-order Butterworth filter and a 50-Hz lowpass eighth-order Butterworth filter. The dataset was segmented into 4 s epochs (from À2 s to +2 s, where 0 refers to the auditory onset) for the Speech task trials; for the Stroop task trials, the data were segmented in 2 s epochs (from À1 s to +1 s with respect to stimulus onset). Epochs were visually screened for recording and visual (blinks and eye movement) artifacts.
Analysis
Behavior
The proportion of correct responses was calculated for the Congruent and Incongruent conditions, and for the Speech task, we also calculated the proportion of trials in which the illusion was perceived (e.g., /ga/or/da/ was reported). Accuracy and reaction times were calculated for both Stroop conditions, only correct trials were included in the reaction times analysis.
Selection of trials for EEG analysis
Speech task. For the Congruent and Incongruent AV conditions, only those trials in which the response was correct, that is the response matched the auditory syllable, were included in the analysis. For the McGurk trials, only those trials in which the McGurk illusion was perceived were included in the analysis. After artifact rejection and selection of correct trials, the average trial number included per participant was 87 (AE 10) for the Congruent condition, 76 (AE 17) for the Incongruent condition and 150 (AE 36) for the McGurk condition. Hence, the trial number was not equated between conditions. Stroop task. Only correctly responded Stroop trials were included in the analysis.
Hypothesis-driven power analysis Speech task. Given our a priori hypothesis, we implemented two analytical decisions to increase sensitivity by reducing the degrees of freedom of our initial test. First, we constrained our frequency band of interest to 5-7 Hz as it is the center of the theta band. Second, we focused our analysis on the Cz electrode based on the recent work by Ergen et al. (2014) reporting that the most prominent modulation in the theta band when comparing Incongruent vs. Congruent trials in a Stroop task was in the Cz electrode location. It is worth noting that although the highest evoked potential in theta was found in frontal electrodes (e.g., Fz), our focus is the highest difference between the Incongruent and Congruent conditions, which was observed at Cz in Ergen's study (see fig. 3 and table 5 of Ergen et al. (2014) ). Third, we defined a temporal window of interest from À250 ms to 750 ms. This window of interest was defined based on the duration of the auditory stimuli~500 ms and the size of the window (500 ms) used in short-time Fourier transform (see below). Therefore, the first moment in which the auditory stimuli can have any type of influence, taking into account the smoothing due to the size of the window, is À250 ms, while the last moment is 750 ms. We first estimated the power of oscillatory activity for each participant and condition within the theta band (5-7 Hz) in 1 Hz steps, using a short-time Fourier transform. A Hanning taper was used to minimize spectral leakage. The window size for the short-time Fourier transform was set to 500 ms based on our frequency band of interest and contains three cycles of the central frequency (6 Hz). The power estimate was calculated from À250 to 750 ms in 20 ms steps with respect to the auditory onset. These data were then baseline corrected by calculating the relative change with respect to a pre-stimulus baseline (À1.5 s to À0.5 s with respect to the auditory onset) in dB (Kiebel et al., 2005) . Data were then averaged over frequencies to obtain a single time series per participant and condition.
In a second-level stage, we ran a paired t-test across all time points, comparing: McGurk vs. Congruent conditions, and Incongruent vs. Congruent conditions. The critical contrast of interest was the one comparing the illusory responses in McGurk conditions with the Congruent condition. In addition, we compared the Incongruent and Congruent conditions, to test the prediction that, similar to the case of the McGurk vs. Congruent comparison, we would also find a conflict effect in central theta. Correction for multiple comparisons for the time series was performed using the table included in the work by Guthrie & Buchwald (1991) , with the following parameters: length of interval (T) = 50, graphical threshold (Θ) = 0.05, autocorrelation parameter (φ) = 0.9 (we estimated this value from our dataset) and number of subjects (N = 15, as it was the closest to our dataset). According to this correction, the length of the sequence needed to achieve a level of significance of 0.05 was nine consecutive data points (the same number of consecutive points was needed in case of rounding up to N = 20).
Stroop task. The procedure applied to the analysis of Stroop trials was very similar as the one used for the Speech task, with the difference that the baseline in this case was calculated from À1 s to 0 s with respect to the presentation of the stimulus. In this case, the time window of interest was from 0 s to 750 ms with respect to the stimulus onset. The comparison involved Incongruent vs. the Congruent conditions, using an analysis akin to the one used in the Speech task.
It is worth noting that all the analyses described above, both in the Speech task and Stroop analyses, were decided prior to data collection according to the hypothesis spelled out in the introduction. Once the data collection ended and the above analyses were performed, we decided to run another set of analysis: we analyzed a wider range of frequencies including all electrodes; a topographic correlation was calculated; and an estimation of the sample size needed to replicate the a priori analyses was performed.
Whole spectrum analysis
A wider range of frequencies (2-50 Hz in 1 Hz steps) for all electrodes was analyzed, to produce a topology figure and a frequency map for both the Speech and the Stroop tasks. We compared the same conditions as in the a priori analyses (Speech task: McGurk vs. Congruent and Incongruent vs. Congruent; Stroop task: Congruent vs. Incongruent). We compared the conditions by means of a two-tailed t-test over the whole frequency range (2-50 Hz), all electrodes and all time points within the window of interest (À250 to 750 ms for the Speech task, 0 to 750 ms for the Stroop task). To correct for the multiple comparisons, we performed a Monte Carlo cluster correction (Maris et al., 2007) (alpha cluster-forming threshold = 0.05, minimum neighbor channels = 1, number of iterations = 10 000 iterations, cluster selection based on maximum size).
Topographic correlation analysis
To assess whether the topographies of the congruency effects in the Speech task and the Stroop task were similar, we have applied the topographic correlation (C) as described in Murray et al. (2008) . The C value of the topographic correlation is interpreted akin to the Pearson cross-correlation value, 1 indicating perfect linear correlation, 0 indicating no linear correlation and À1 indicating a perfect inverse linear correlation. This analysis involved recalculating the topographies of the relevant theta band contrasts (Speech task: McGurk vs. Congruent, Incongruent vs. Congruent; Stroop task: Incongruent vs. Congruent) at group level as described in the Hypothesis-driven power analysis section, but instead of using the average of the mastoids as a reference, we used the average of all the electrodes (as suggested by Murray et al., 2008) . These new topographies were calculated over the average power of the significant periods found in the Hypothesis-driven power analysis. To calculate a P-value, we obtained a null distribution by recalculating pseudo-C values; we shuffled the electrode positions and applied the same procedure to produce a pseudo-C value (1 000 000 repetitions). Here, we took the proportion of values in the null distribution that exceeded our actual C as our P-value.
Post hoc estimation of the effect size
Given that this study is, to the best of our knowledge, the first time that the theta conflict marker is specifically measured in the context of AV speech congruence, an analysis of the statistical power given this sample, and the sample size needed to replicate the hypothesisdriven result seem appropriate. This can be in turn used to infer an approximate effect size by comparing the statistical power and the needed sample size. To this end, we used a Monte Carlo approach in which we created several pseudo samples of different sizes by randomly sampling (10 000 repetitions per sample size) with replacement from the participant pool of this study. For each of the random samples, the same hypothesis-driven analysis pipeline described in the previous sections was applied. Then, the proportion of significant results obtained for each sample size was used as an estimation of the probability of finding a significant result given that sample size.
Results
Behavior
Speech task
As seen in Table 1A and B, the McGurk illusion occurred to a high degree with our stimuli and (pre-selected) participant group, and the auditory alone versions of the stimuli were clearly identifiable. Please note that the high prevalence of illusory responses in the McGurk condition, combined with low error prevalence in Auditory Alone condition is important, because it ensures that the McGurk effect can be attributed to visual influence on auditory perception as intended, rather than to confusions over ambiguous auditory stimuli. Therefore, any possible neural correlates of conflict seen in the subsequent EEG analyses cannot be explained by extra cognitive effort due to an ambiguous auditory stimulus, and the illusory (non-auditory) responses can be mostly attributed to the influence of visual input.
Stroop task
As expected, in the Stroop task, participants' accuracy and reaction time were poorer in the Incongruent condition than in the Congruent condition indicating that the Stroop effect was present, according to the standard finding (Stroop, 1935;  Table 1C ).
Hypothesis-driven analysis: central EEG power in the theta band
Speech task
By hypothesis, our analysis focused on the theta band (5-7 Hz). We observed an increase in theta power between À60 and 100 ms (with respect to the onset of the auditory syllable) for the McGurk condition, compared with Congruent AV speech (see Figs 2 and 3 ). In addition, theta power also increased for Incongruent AV speech stimuli, compared to Congruent ones, although this effect covered a more prolonged (and slightly later onset) time window (50-300 ms).
We averaged the theta power in the significant windows and calculated a paired t-test to provide the reader with an estimation of the t-value, mean, standard deviation at these periods (McGurk vs. Congruent t = 2.75, mean = 0.39, SD = 0.58, P = 0.01, dof = 16; Incongruent vs. Congruent t = 3.03, mean = 0.33, SD = 0.45, P = 0.008, dof = 16).
Stroop task
When comparing theta power between Incongruent and Congruent Stroop conditions over the same electrode (Cz) and spectral band as in the Speech task, we found the expected theta power modulation. In this case, the increase in theta power occurred at a later time window, from approximately 550 ms to 750 ms (see Fig. 3 ). This outcome corresponds very well with what is usually reported in previous findings in the Stroop literature (see e.g., Hanslmayr et al., 2008; Ergen et al., 2014) .
Topographic correlation analysis
We found significant topographic correlations between the topographies of the Speech task contrasts and the Stroop task contrast. 
Whole spectrum analysis
As mentioned above, after conducting the hypothesis-driven analyses, we opened the scope to other electrodes and frequency bands, to inspect whether other sensors/frequencies would express an effect for the congruency contrasts addressed above. No significant cluster survived the multiple comparison correction in any of the contrasts (Speech: McGurk vs. Congruent; Speech: Incongruent vs. Congruent; Stroop: Incongruent vs. Congruent).
Post hoc estimation of the effect size
Given this is the first time that the EEG theta modulation is reported for McGurk stimuli, we thought it important to estimate the approximate effect size of the hypothesis-driven results. According to the current variability and effect magnitude, we first estimated the number of participants that would be needed to find a similar EEG effect with a probability of 0.80 (see Fig. 4 ). Given the different effect sizes, this Table 1 . (A) Behavioral data corresponding to the experimental task performed during the EEG recordings. The proportion of trials in which the syllable was correctly identified (e.g., heard/ba/responded/ba/) is presented for the Congruent and Incongruent conditions. For the McGurk condition, the proportion of responses for illusory and non-illusory percepts is presented. All participants at individual-level perceived DA consistently as the dominant illusory percept. DA percepts accounted on average for 0.98 of all illusory trials while GA only accounted for the other 0.02. (B) Behavioral data corresponding to the Auditory Only task performed after the EEG experiment. The proportion of trials in which the syllable was correctly identified (e.g., heard/ba/responded/ba/ ) is presented for the two possible auditory syllables that appeared in the EEG experiment. ( estimate varied depending on the particular contrast and task. The congruency contrasts involving non-illusion AV Speech and the Stroop conflict rendered relatively high statistical power (estimated N = 15-20, and N = 25-30, respectively). However, for the contrast McGurk vs. Congruent, statistical power was low, given that we estimated a sample size of 70 to find this effect with 0.80 probability.
Discussion
The McGurk illusion is one of the flagship effects in multisensory literature, given its dramatic phenomenology and the chances that it offers for the application of neuroimaging methods. Yet, recent studies are raising the question of the representativity of the McGurk illusion as a model for multisensory integration Van Engen et al., 2017) . Here, we addressed the EEG oscillatory correlates of conflict processing in the McGurk effect, compared to Congruent AV speech. We hypothesized that if McGurk processing sets conflict processing brain mechanisms in motion, then we should find a post-stimulus increment in theta power, as this increment is one of the most common EEG markers of conflict in classical conflict tasks (Hanslmayr et al., 2008; Cavanagh & Frank, 2014; Cohen, 2014; Ergen et al., 2014) . To put our result in perspective, we also measured behavior and EEG from a Stroop task, and compared the results with those obtained in the Speech task in the same group of participants. First of all the behavioral data obtained during the Stroop and Speech task were well in line with the literature. On the one hand, the Stroop results were straightforward (e.g., Stroop, 1935; MacLeod, 1991; Hanslmayr et al., 2008; Ergen et al., 2014) . On the other hand, our behavioral results in the McGurk Speech task also align rather well with previous studies such as for example those by Mallick et al. (2015) . In line with Mallick et al.'s results, we found that in the selection procedure there was an almost binary distribution between participants who perceived the illusion almost always (the ones we selected for the EEG experiment), and those who never perceived the illusion. This distribution justifies the need for a selection process in neuroimaging studies of the McGurk effect to ensure that the illusion is effective in all participants being measured.
As for the EEG results, the Stroop results in our study replicated the typical finding in previous studies (Hanslmayr et al., 2008; Ergen et al., 2014) , indicating an increase in theta activity when comparing Incongruent with Congruent conditions. Particularly we found the expected modulation in the Cz electrode in the theta power band (Ergen et al., 2014) . Critical to our initial hypothesis about the spectral peak of the theta power response to conflict, we 4 . Estimation of the statistical power depending on the sample size for the hypothesis-driven analysis described in this study. Please note that different sample sizes are used depending on the task and contrast. Markers indicate the points where the estimation was calculated. obtained a similar result in the AV speech EEG, when comparing the McGurk condition with the Congruent condition. An obvious difference between the Speech and Stroop Incongruency results is the timing profile in the theta power differences, which appears much earlier in the case of Speech than in the Stroop. This was expected due to the nature of the stimuli, in particular regarding the time needed to process each of the two sources of information and the moment at which the conflict can be detected in each case. In the case of the Stroop task, the latency results are well in line with prior observations (Hanslmayr et al., 2008; Ergen et al., 2014) . The early effects seen in the case of the speech conflict are relatively expected and can be attributed to the fact that, at the moment of the auditory onset, visual speech information has been already partially processed. In fact, according to the predictive account of AV speech integration (van Wassenhove et al., 2005; Skipper et al., 2007; Arnal et al., 2011) , the visual signal creates a sensory prediction that, when violated by the upcoming mismatching sound, triggers an error signal. We argue that this mismatch triggers the conflict processing network. This interpretation fits well with proposals highlighting the anticipatory nature of visual speech information (Chandrasekaran et al., 2009) in the theta band with the processing of mismatched AV stimuli in the McGurk context. Therefore, if one considers the predictive nature of visual speech as part of an anticipatory mechanism, it is not surprising to see that the peak of the conflict response occurs soon after the onset of the auditory stimulus. Nonetheless, please note that one has to be cautious regarding the interpretation of the absolute timing of the peak in power, because the window used for the short-time Fourier transform analysis is very wide (500 ms) due to the slow nature of the theta frequency (5-7 Hz). This means that any given point within the analysis has contributions from data points 250 ms prior and 250 ms posterior to the given point.
In line with the hypothesis that any AV incongruency effect engages the conflict detection network, we also found that the comparison between Incongruent vs. Congruent AV speech, without McGurk effect, reveals a pattern very similar in terms of spectral peak and topography, when compared to the McGurk vs. Congruent contrast. The effects in these two contrasts do also partly overlap in time, albeit the effect of AV speech incongruence occurs at a later latency and longer lived. This latency shift, and prolonged effect, may well be due to the nature of the incongruence between auditory and visual stimuli (incongruence produced by a reversed video could be larger than in the more subtle case of the McGurk effect) or even due to the (im)possibility of reconciling the two modalities. Particularly, incongruence from reversed video may involve mismatch at a number of different levels ranging from at phonetic, phonological to pure spatio-temporal expectations. Nonetheless, creating AV mismatch that affects at a single level is very difficult given the complexity of the speech stimulus itself (e.g., clearly noticeable desynchronization between the auditory and visual stimuli does not necessarily prevent AV integration, see . In this particular case at which level did this conflict arise in the Incongruent condition cannot be addressed with this paradigm, and we did not intend to do so, but just to create a highly Incongruent conditions that would not produce AV integration. Please note that we did not have any expectation on the differences between McGurk vs. Congruent and Incongruent vs. Congruent to be equivalent, but only that both McGurk and Incongruent would significantly differ from Congruent condition.
Another interesting finding in this study is that the theta response to conflict peaked at 6 Hz in all contrasts, irrespective of the task (Speech or Stroop) or the nature of the stimuli (McGurk vs. regular AV Incongruent speech) (see Fig. 3 ). This might indicate some overlap in the processing mechanisms engaged, which is supported as well by topographic overlap (as the results of the topographic correlation analysis showed). During the peak of the theta modulation, theta increases in all kinds of incongruence seem to be rather focused on the central electrodes (see Fig. 5 ). Nonetheless, differences between the Stroop topography, more frontal, and those in the Speech contrasts, more central, exist. Some topographic differences, even given the existing correlation between the topographies, are not unexpected, given that although a clear conflict detection response may exist in all cases, conflict resolution is most likely supported by different networks. On the one hand, Stroop conflict resolution often involves the lateral prefrontal cortex (Shenhav et al., 2013) , whereas on the other hand, mismatch in the case of speech typically triggers responses in the inferior frontal gyrus and the left pre-central cortex (Miller & D'Esposito, 2005; Hasson et al., 2007; Matchin et al., 2014; Mor ıs Fern andez et al., 2017) .
There exists the possibility that rhythmic stimulation could induce slow oscillations (see Pomper et al., 2015) . We do not think this is problematic in our particular paradigm. In the case of the Speech task, no fixed rhythm occurred between trials, as the task was paused until participants responded and they were instructed to do so when they were ready for the next trial; therefore, no fixed rhythm was induced by the task. However, rhythmic stimulation occurred during the Stroop task, as in this case participants responded during the stimulus and the task was not paused between trials. Nonetheless, the Stroop task paradigm was used that was similar to that in other studies, and it replicates the findings in previous studies. Hence, the rhythmicity (or lack of) does not seem disrupt the interpretation of our data as our main results come from a nonrhythmic task (Speech task) and those from the rhythmic task (Stroop task) are similar to previous results.
With regard to the estimation of statistical power of the effect (Fig. 4) , one must bear in mind that the probability of finding a similar effect based on the actual sample and assuming that the effect size is properly estimated given this sample is low. Future studies should take this into account and try to increase the statistical power, using a more constrained hypothesis, or by studying if particular McGurk combinations enhance the theta modulation effect. It is perhaps interesting that other cases of incongruence showed a more robust theta modulation in terms of statistical power, and seem to be easier to replicate. It is difficult to relate this statistical effect size with the real influence of the activity in the theta band in the perception of AV incongruency, and particularly of the McGurk illusion, without manipulating activity in the theta band in a controlled manner. Future studies could take advantage of brain stimulation techniques (e.g., transcranial magnetic stimulation or transcranial direct current stimulation) to quantify the influence of the theta activity and the perception of the illusion and establish a causal link. Single-trial analysis would also be an interesting approach for future studies as, for example, it could be addressed if the magnitude of the theta modulation in a particular trial is related with the probability of perceiving the McGurk illusion. Unfortunately, this approach was not possible in the current study because the high prevalence of the McGurk illusion in the selected population rendered too few trials in the non-illusory condition.
In anyway, the set of findings to emerge from this study supports the initial hypotheses relating the McGurk illusion to conflict processing. First, AV incongruency shows a pattern of activity in the theta band similar to that previously found in classical conflict tasks. Second and critically, we not only found that conflict processes are engaged by Incongruent AV speech in general, but also that the McGurk stimuli, a particular case of AV incongruency, also engage these conflict processes as signaled by EEG oscillatory correlates.
The involvement of general conflict processing mechanisms in the McGurk effect seems at odds with the generalized assumption that this illusion is automatic, fast and pre-attentive (McGurk & MacDonald, 1976; Summerfield & McGrath, 1984; Rosenblum & Saldaña, 1996; Colin et al., 2002; Soto-Faraco et al., 2004) . Recent evidence has challenged this point of view and a number of studies have started highlighting the role of the endogenous state of the participant, specially attention, in the perception of the McGurk illusion (Alsius et al., 2005 (Alsius et al., , 2014 Andersen et al., 2009; Nahorna et al., 2012) and in multisensory integration in general (Talsma et al., 2010; ten Oever et al., 2016; Hartcher-O'Brien et al., 2017) . The present results do not challenge the generality of the claims about the AV integration process when Congruent AV stimulation is used. In this particular case, our point is that in the face of AV conflict and the challenge of reconciling two discrepant sources of information, general conflict mechanisms are invoked. This is particularly relevant when dealing with the McGurk illusion, a very popular model in the area of multisensory research. The McGurk illusion (or lack thereof) may be the outcome of the successful reconciliation of the perceptual conflict. These results go in line with those found in Mor ıs Fern andez et al. (2015) , in which a tentative hypothesis for AV speech integration was proposed. The proposal attempts to provide a common framework for several, apparently contradictory findings in AV speech literature: on the one side, the increasing evidence for the role of endogenous attention in AV speech integration, and the implication of conflict brain mechanisms in the processing Incongruent AV speech events, and on the other side, the appearance of automaticity in the phenomenological experience of the McGurk illusion. The proposal, which we outline here, is that the AV integration process is not directly accessible to endogenous control, once the auditory and visual signals are processed to a certain degree. That is, top-down attention can regulate the access of visual and/or auditory information to an integration stage, but once the information reaches the integration stage, an attempt to integrate will occur independent of volition, and of the disparity between modalities. In the case that this integration attempt is faced with (large) AV disparity, then conflict mechanisms will be invoked. In the case of the Mor ıs Fern andez et al. (2015) study, using fMRI, the activation of conflict mechanisms was reflected by an increase in activity in the ACC when Incongruent AV stimuli were attended.
The results of the present EEG study support the proposed framework, given the significant increase in theta power induced by AV speech conflict (McGurk or not), an oscillatory response that is related to conflict processing in several classical conflict paradigms. These results are also in line with two recent fMRI studies by Gau & Noppeney (2016) Particularly for the objective of this study, the increase in theta activity in the presence of McGurk stimuli indicates that the incongruence between the auditory and visual signals is perceived and processed as a conflict, and supports the idea that general conflict processing mechanisms support the perception of Incongruent AV speech. A wider implication of this result is that the McGurk effect may not be the result of a process equivalent to that occurring during the perception of Congruent AV stimuli, but a result of the resolution of the conflict between the auditory and visual signals.
As mentioned in Introduction, Roa Romero et al. (2015) already highlighted the involvement of conflict processing during the perception of McGurk stimuli. While Roa Romero et al. ground their explanation mainly on effects on the beta band (at early and late latencies after the McGurk stimuli), we have directly related the perception of the McGurk effect with a typical, general-purpose response to conflict related to conflict detection and resolution mechanisms, above and beyond speech or multisensory processing.
The relevance of this finding must be considered in the context of the large number of studies that have resorted to the McGurk effect to infer properties of the general AV integration process (e.g., Tiippana et al., 2004; Alsius et al., 2005 Alsius et al., , 2014 Skipper et al., 2007; van Wassenhove et al., 2007; Bernstein et al., 2008b; Andersen et al., 2009; Nahorna et al., 2012 Nahorna et al., , 2015 or see Alsius et al., 2017 for an extensive review on the studies and the problematic of generalizing properties from the McGurk effect). In addition, quite a few other studies have used the McGurk illusion as a marker for multisensory integration, to infer how this process is affected under certain manipulations, clinical populations (e.g., Festa et al., 2017) or throughout development (e.g., McGurk & MacDonald, 1976; Burnham & Dodd, 2004) . The present result underscores the need to take these differences into account when designing and interpreting results from studies using the McGurk effect as a proxy for the general process of AV integration.
Supporting Information
Additional supporting information can be found in the online version of this article: Fig. S1 . Theta power (5-7 Hz) evolution in Cz electrode.
